The Late Eocene onshore McKee Formation is a producing reservoir rock in Taranaki Basin, New Zealand. An integrated petrophysical, sedimentological, and petrographical study was conducted to evaluate the reservoir characteristics of the McKee sandstone. A petrographic study of the McKee Formation classified the sandstone as arkose based on the Pettijohn classification. Porosity analysis showed predominantly intergranular porosity, as elucidated by the thin section photomicrographs. The good reservoir quality of McKee sandstone was suggested to be the result of the presence of secondary dissolution pores interconnected with the primary intergranular network. Mineral dissolution was found to be the main process that enhanced porosity in all the studied wells. On the other hand, the presence of clay minerals, cementation, and compaction were identified as the main porosity-reducing agents. These features, however, were observed to occur only locally, thus having no major impact on the overall reservoir quality of the McKee Formation. For a more detailed reservoir characterization, well log analysis was also applied in the evaluation of the McKee Formation. The result of the well log analysis showed that the average porosity ranged from 11.8% to 15.9%, with high hydrocarbon saturation ranging from 61.8% to 89.9% and clay volume content ranging from 14.9 to its highest value of 34.5%. Based on the well log analysis, the derived petrophysical and reservoir parameters exhibited good porosity, low clay content, and high hydrocarbon saturation, which indicates that the McKee Formation is a promising reservoir.
Introduction
The Taranaki Basin is a Cretaceous to Tertiary sedimentary basin covering an area of 100,000 km 2 that is situated on the western side of the North Island of New Zealand. The Taranaki Basin is the only commercial petroleum producing basin in the country. Most of the known petroleum reserves have been discovered along the Paleocene shoreline and the coastal plain sandstone deposited in a late-rift or post-rift passive margin setting [1] . The formation of interest in this study is the Late Eocene, trangressive shoreface sandstone McKee Formation, which is usually found with thicknesses of less than 100 m [1] . The McKee Formation belongs to the Kapuni Group (Paleocene to Eocene), where it is predominantly composed of sandstone beds encountered in wells located in the eastern and central Taranaki Graben [2] . The sandstone of the McKee Formation is described as generally massive, light in color, highly quartzose, fine to coarse in grain size, and with some mud clasts and carbonaceous materials interbedded in the reservoir rocks [1] . A total of seven onshore wells (McKee 4, McKee 5, McKee 5A, McKee 6A, Pukemai-1, Tuhua-1, and Tuhua-2B) ( Figure 1 ) that had encountered the McKee Formation were selected for this study. Sedimentological and petrographical studies were undertaken on these wells to examine the effects of mineralogy and diagenetic characteristics on the reservoir quality evolution and the sandstone of the McKee Formation in the Taranaki Basin. Similar studies have been done [3] [4] [5] [6] to investigate the diagenetic effects on the reservoir quality of the sandstone reservoir. In addition, qualitative and quantitative interpretation was applied on the results of the well log analysis in the evaluation of this formation. With qualitative analysis, the presented log plots were studied to identify the log responses that typically indicate the possible presence of hydrocarbons. With regard to the quantitative analysis, the values of the petrophysical properties (porosity, water saturation and hydrocarbon saturation) obtained from cut-offs were evaluated. The objective of this research was to assess the reservoir quality and hydrocarbon potentiality of the McKee Formation with the aforementioned studies. Figure 1 . Location of Taranaki Basin with its major structures and studied well locations onshore; Modified after [7] , from AAPG© (2011) and reprinted by permission of the AAPG whose permission is required for further use.
Geological Setting and Lithostratigraphy
New Zealand started its formation as a micro-continent that had broken off from Gondwana. The micro-continent was rifted before seafloor spreading between Australia, New Zealand and Antarctica, and again before the opening of the Tasman Sea in the Late Cretaceous. The rifting of the Tasman Sea ceased during the Palaeocene. From that time until the end of the Oligocene, the New Zealand micro-continent subsided gradually [8] . Twenty-five million years ago, the present-day system of New Zealand was initiated [9] .
The area of interest, the Taranaki Basin (Figure 1 ), which is well-known for its hydrocarbon play in New Zealand, is located laterally on the western side of the North Island [10] . The formation of the basin began during the late Cretaceous, when Australia and Zealandia were separated by the breakup of Gondwana, which resulted in the formation of the Tasman Sea and the extensional basins around the New Zealand subcontinents [11] . As the Taranaki Basin was initiated, it formed en échelon (in order) a series of extensional half grabens [12] . The basin is shaped by multiple episodes of deformation, which include the Late Cretaceous-Paleocene fault controlled rift transform, the Eocene-Early Oligocene passive contractional margin, and the Oligocene-Recent active margin [13, 14] .
The main structure of the Taranaki Basin can be divided into two parts ( Figure 1 ): (I) The Western stable platform; and (II) The Eastern mobile belt [7] . The Western stable platform covers the area from the Cape Egmont fault zone in the west to almost the continental shelf edge. It is characterized by its wide, simple, and relatively undeformed structure and stratigraphy aged from the Late Cretaceous to present day sediments. The sedimentary sequence has largely been undisturbed since the late Eocene [15] . Between a relatively stable platform and the mobile belt lies the Cape Egmont fault zone, which separates both platforms, trending north to northeast. The Eastern mobile belt comprises the Southern Inversion Zone, Central Graben, Manaia Graben, and Northern Graben. The platform trends from north to south with its eastern side largely affected by the compressional forces that formed features such as the Tarata Thrust Zone [16] .
The generalized stratigraphy of the Taranaki Basin consists of several groups, and each group has several petroleum-bearing formations of different ages (Figure 2 (Figure 3 ). This field can be found developed within the Tarata Thrust Zone (Figure 1 ), located 14 km southeast of Waitara. The McKee Formation reservoir is a fairly uniform sand body that dips steeply at an angle of up to 60 • , and hydrocarbons are structurally trapped in the NS-trending individual fault-bound blocks [17, 18] . The depositional environment for the McKee Formation has been inferred to be transitional, from the shallow marine inner-shelf to the coastal deposits [1, 19] . 
Materials and Methods

Sedimentological and Petrographical Analysis
A complete data set was provided by GNS Science (Lower Hutt, New Zealand) and the Ministry of Business, Innovation, and Employment of New Zealand. These data include the conventional well log data and petrophysical analysis results (porosity and permeability). Thin section photomicrographs were also provided for sedimentological and petrographical descriptions. (Table 1) were used to investigate the diagenetic features that affect reservoir quality. All the data were given with full permission for analysis, interpretation, and publication. 
Well Log Analysis
A total of seven wells from the McKee oil and gas field were selected for the evaluation of hydrocarbon potential for Late Eocene McKee sandstone ( Figure 1 ). The types of data used for interpretation consisted of open-hole conventional logs such as total gamma ray (GR), shallow and deep resistivity logs (spherically focused resistivity log (SFLU), shallow resistivity (RESS), medium resistivity (RESM) and deep resistivity (RESD), sonic log (DTC), Neutron (NPHI), and Density ( Well log analysis of the reservoir rocks was accomplished by Interactive Petrophysics (Schlumberger Limited, Houston, TX, USA) and Neuralog software (Neuralog Inc., Houston, TX, USA). By utilizing the software, three important petrophysical parameters (shale volume, porosity, and water saturation) of the reservoir rocks were interpreted. The shale volume was calculated from the single log (gamma ray and resistivity) and double log indicators (combination of neutron and density log) [20] . Additionally, zoning of the shale zone was conducted to delineate the reservoir sand zone from the non-reservoir zone to prevent the overestimation of porosity and water saturation [21] . The minimum results of the indicators were then chosen from the three shale indicators of gamma ray, neutron-density, and resistivity. By using the cross-plot of density porosity against neutron porosity, the type of shale habitat was computed, where it was later used in the parameter input of porosity and water saturation interpretation [22] . The porosity model was estimated by using the combination of neutron density logs, while water saturation was computed based on the type of shale distribution found within the sand zones [23] . Subsequently, cut-offs were applied to eliminate the non-reservoir sand zone with Φ < 0.1, Vcl > 0.5, and Sw > 0.5 to obtain the net pay values of the reservoir from the wells.
Results and Discussions
Sedimentological and Petrographical Study
Composition and Texture of McKee Sandstone
The Pettijohn classification [24] was used to classify the McKee sandstone of the studied wells. With the aid of the triangle crossplot, the result of the ternary diagram indicated that the reservoir was arkose, containing mostly quartz and feldspar (Figure 4 ). The studied sandstone was found to have mostly medium-sized grains and was moderate to well-sorted. These features could be seen from the thin section photomicrographs. 
Depositional Control
The sedimentological and petrographical studies concluded that the reservoir quality of the McKee sandstone was controlled by depositional and diagenetic processes. Depositional control largely influenced the textural parameters such as grain size, compositional framework, sorting and the primary fabrics [25] . In general, the aforementioned parameters primarily affected both the porosity and permeability of the reservoir facies. Coarser grain sizes in reservoir rocks tend to have higher porosity and permeability, creating pathways for fluid flow [26] . There was a generally positive correlation between the grain sizes and the porosity and permeability of the McKee sandstone ( Figure 5 ). The correlation showed that the grain size of the studied McKee sandstone was an important contributor to its porosity and permeability. 
Diagenetic Control
Following the depositional process, diagenesis tends to alter the original pore system of the reservoir rocks. There are four main diagenetic mechanisms that affect the reservoir quality of McKee sandstone: dissolution, presence of clay minerals, cementation, and compaction.
Dissolution
The dissolution process is an important diagenetic factor for the characterization of reservoir rocks, and leads to the enhancement of porosity and permeability [5] . The process can be seen among the pores where grains are dissolved, leading to the development of secondary porosity [27, 28] . Secondary porosity could be seen within the studied McKee sandstone where voids were created from the dissolution of quartz ( Figure 6A-C) and unstable minerals such as feldspar ( Figure 6A -C) and calcite cement ( Figure 6D ). Secondary pores by dissolution are capable of creating isolated voids as well as those well connected to the intergranular pore network. Isolated voids ( Figure 6A-C) are created by the dissolution of the detrital feldspar where this can occur in sandstones from all localities [3] . The isolated voids provide little contribution to permeability, even if the voids are large, as permeability is controlled by the pore throats [29] . The connected dissolution pores, in contrast, have better communication with the intergranular pore network. The pores connected by dissolution were visible ( Figure 6A-C) , but is most evident in Figure 6A , where the dissolution of quartz grains enhanced the existing inter-granular porosity. The coexistence of primary and secondary porosity is referred to as hybrid porosity, where they are generally expected to promote the pore spaces for fluid flow [27] .
Clay Minerals
The presence of clay in sandstone has a damaging effect on reservoir quality, as it often occupies the pore spaces. Within the McKee sandstone ( Figure 7A ), this part of the reservoir was found to be variably argillaceous, and clays could be seen filling the pores. There is a possibility that these clays are allogenic, where the origin of these clay minerals may be co-deposited alongside sand grains as sand-sized argillaceous intra-clasts [30, 31] . With moderate magnification (Figure 7B ), the observed clay was hypothesized to be authigenic in origin, where unstable feldspar can be seen partially altered with remnants of the host grain still present. This is formed by the acidization of the pore fluid solution at greater depths, which leads to rapid illite or kaolinite formation in feldspar [32] . 
Cementation
Cementation can be seen as another important porosity-reducing diagenetic process within the McKee Formation. The process is involved in the nucleation and crystal growth that occurs within pore spaces during diagenesis [33] . Two main types of cementation were recognized in the sandstone of the reservoir facies: quartz overgrowth and calcite cementation. In general, the occurrence of these types of cementation are not constrained to a specific depositional environment [4] . Quartz overgrowth ( Figure 7C,D) was identified based on the shape of the original grain surrounded by a slight darker rim (dust rim) within the new growth. These are generally referred to as syntaxial overgrowths. In addition, quartz overgrowth was observed to be more common ( Figure 6B ,E,F) with no negative consequence on the reservoir quality, even if they were present adjacent to the large visible voids that resulted in the slight reduction in pore spaces. Another form of cementation was observed in the heavily cemented thin section (Figure 7E ), where calcite cementation filled the pore spaces of a highly quartzose sample with no visible porosity.
Compaction
Lastly, compaction in sandstone can be identified by recognizing its effects, which include grain fracture, long contact, concavo-convex contact, tight grain packing, and microstylolite within the studied sandstone. Increased depth due to burial tends to accelerate grain fracturing and the bending of weaker or ductile grains ( Figure 7F ). Grain fracturing has been observed in McKee sandstone ( Figure 7F ), which can be credited to compaction through either overburden pressure due to burial phase or tectonic movement. The presence of features such as tight grain packing and major grain contacts such as concave-convex and long contact ( Figure 7F) indicates that the sandstone experienced mechanical compaction at a moderate scale [28, 34] . Despite the moderate compaction experienced by the sample, pore spaces were observed to persist especially among contacts between the quartz grains, suggesting its stable grain framework. Chemical compaction was also recognized by the presence of pressure solution in the studied sample. In the studied sample, compaction effects such as microstylolites ( Figure 7E ) were identified alongside cementation that resulted in a greater loss of pore spaces than mechanical compaction. The occurrence of microstylolites within highly quartzose samples is often associated with the possibility of a high degree of compaction due to deeper burial depths [4, 35] . Furthermore, the solubility of quartz is believed to slightly increase in response to pressure [36] . In summary, the pore spaces of the McKee Formation were observed to reduce by mechanical compaction. Further reduction of pore spaces can only be credited to chemical compaction in the McKee sandstone [4] .
Core Sample Analysis
Petrophysical parameters (porosity and permeability) were used to describe the relationship between the two properties. The measured core porosity can be seen in Figure 8 where it ranged from 10.7% to 21.1% (averaging about 15.9%).
In terms of permeability, the studied sandstone of the McKee Formation is characterized by a wide range of permeability ranging from 1.5 to 1140 mD (Figure 8 ). The permeability of the sandstone is generally dependent on the interconnectivity of porosity (effective), which is largely influenced by grain size and shape, the degree of sorting, grain packing, and the diagenetic processes [37] [38] [39] .
The permeability values were then plotted against porosity to show the correlation between these two variables. The porosity and permeability showed a good positive correlation (R 2 = 0.964, Figure 8 ). The positive correlation of porosity against permeability normally indicates that with increasing porosity, permeability is also likely to increase. Given that there is a reduction of porosity, permeability will also decrease with depth due to compaction and cementation [26, 36] . In this analysis, the core porosity was then compared with log porosity, indicating good correlation (Figures 9-11 ). 
Well Log Analysis
The results of the well log analysis were evaluated using two approaches: qualitative interpretation by quick-look analysis, and quantitative interpretation where the values were cut off and averaged to obtain a net pay to determine the potential of the reservoir sand zone.
Shale Distribution and Water Saturation Equation
The determination of the shale distribution type was conducted by computing neutron porosity against the density porosity cross-plot for every well from the reservoir interval. From the dia-porosity cross-plot (Figure 12) , it was revealed that all data points from the selected wells were concentrated in the dispersed shale habitat with slight signs of organic materials or gas effects. Thus, the water saturation equation used for all the studied wells was the dual water equation. 
Qualitative Interpretation
A total of 18 producible sand zones were identified from seven wells; however, the three representative wells with the best results were chosen (Figures 9-11 ). With quick-look interpretation, the studied wells displayed promising results, with the zones of interest having low readings in the gamma ray and a negative separation in the density neutron overlay that normally reflects the clean zone (sandstone layer) of the reservoir. On the resistivity track, separation between the shallow and deep resistivity readings due to invasion effects was also an indication of permeability [37, 40] . Higher readings for deep resistivity (RT) usually indicate the presence of hydrocarbon. In addition, the result of the interpreted fluid track of all wells showed good effective porosity with high hydrocarbon and low water saturation (Figures 9-11 ).
Quantitative Interpretation
Validation of the favorable results from the qualitative approach can be done through a quantitative interpretation where the values are calculated and averaged after a cut-off is applied. The results of this cut-off (Table 2) showed important petrophysical and reservoir parameters, such as the gross thickness of the reservoir, net reservoir, net pay, average porosity, average volume of clay, average water saturation, and the average hydrocarbon saturation.
The quantitative approach was applied, and the wells were evaluated based on Table 2 . Gross thickness of the McKee Formation from the selected wells ranged from 29.72 to 119.21 m. Average net reservoirs of the wells ranged from 18.52 to 101.54 m, where they represented the potential thickness of producing hydrocarbon. Meanwhile, the average net pay of these wells ranged from 8.62 to 73.2 m, which showed the thickness capable of producing hydrocarbons at a commercial rate. The average effective porosity of the studied wells showed values ranging from 11.8% to 15.9%, where this range of values normally represents fairly good to good porosity quality. From Table 2 , the clay content interbedded within the reservoir zone showed positive results, with values found to be low. These can be seen in the lithology tracks (Figures 9-11) , where sandstone and siltstone comprised a large proportion of the reservoir interval. The lowest average shale content among the wells was found to be 14.9% in McKee 6A, while the highest only reached 34.5% in McKee 5 ( Table 2 ). The average water saturations of the wells were also found to have low values, and this is generally regarded as favorable, as the rest of the reservoir content is predicted to be filled with hydrocarbons. The average water saturation of the reservoir interval ranged from 10.1% to 34.5%. As a result, the average hydrocarbon saturation of the studied wells was expected to be high, with the values (Table 2) ranging from 61.8% to 89.9%. The studied wells showed good reservoir characteristics overall, with good porosity value, high net pay, and-most importantly-high hydrocarbon saturation, which emphasizes the McKee Formation as a promising reservoir. Consequently, the positive correlation between the qualitative and quantitative interpretation verified the hydrocarbon potential of McKee Formation. Cut-off values applied in obtaining net pay: Vcl > 0.5; Sw > 0.5; Ø < 0.1. Avg: Average; Ø: Porosity; Vcl: Volume of Clay; Sw: Water Saturation; Shc: Hydrocarbon Saturation.
Conclusions
The reservoir characterization of the McKee Formation was undertaken to prove the formation as producing reservoir rocks in the onshore Taranaki Basin. Based on sedimentological and petrographical studies, the reservoir quality of the McKee sandstone was found to be the result of both depositional and diagenetic processes. Through depositional control, the correlation between the petrophysical parameters and the mean grain size showed positive results. This showed that the grain size of the McKee Formation had an impact on its reservoir quality. The mineralogical study of the McKee Formation showed that it consisted mainly of quartz, with subordinate feldspar and minimal lithic fragments, resulting in a stable grain framework. With regard to diagenetic control, the processes were found to affect the reservoir quality by either enhancing or reducing its petrophysical parameters. Secondary porosity by dissolution was found to enhance the reservoir quality within the studied samples. Porosity-reducing features such as clay minerals were also observed to locally reduce the reservoir quality. Clay minerals were predominant, especially in McKee 5A, where they could be seen filling the pore spaces. The presence of compaction and cementation were identified as another reducing agent of the reservoir quality. Quartz overgrowth was observed to be more common when it coexisted among samples that showed good diagenetic features. These diagenetic porosity-reducing features were observed to occur locally, and were less prominent than the prevalent primary porosity of the McKee Formation that contributed to its productivity. In addition to the previous study, it was possible to acquire a more detailed reservoir characterization of the McKee Formation through well log analysis. Based on quantitative interpretation, most of the studied wells showed a high net pay zone (except McKee 5), with low average shale volumes ranging from 14.9% and 34.5%, moderate to good average porosity varying from 11.8% to 15.9%, and high average hydrocarbon saturation between 61.8% and 89.9%. Among the studied wells, McKee 6A showed the best reservoir characteristics, with a net pay zone of 73.2 m, an average effective porosity of 15.9%, and an average hydrocarbon saturation of 86.6%. Well log analysis of the McKee Formation resulted in moderate to good qualities, based on these derived petrophysical and reservoir properties. Integrated reservoir characterization from these studies showed the hydrocarbon potential of the McKee Formation and its ability as a producing reservoir.
